The extraction and further processing of nucleic acids (NA) from formalin-fixed paraffin-embedded (FFPE) tissues for microbiological diagnostic polymerase chain reaction (PCR) approaches is challenging. Here, we assessed the effects of five different commercially available nucleic acid extraction kits on the results of real-time PCR.
Introduction
Formalin-fi xed paraffi n-embedded (FFPE) tissues are appropriate sample materials for histopathological or forensic diagnostic approaches in the medical diagnostic laboratory [1, 2] . Such materials are basically inappropriate for cultural approaches and poorly suited for molecular diagnostics like polymerase chain reaction (PCR). The main diffi culties concerning the extraction of DNA or RNA from FFPE tissues and the subsequent amplifi cation using PCR are the deamination of cytosine to uracil caused by formalin fi xation [2, 3] as well as single strand breaks [2, 3] that can result in failure of the PCR reaction [3] . The latter problem can in part be overcome by the use of PCRs targeting particularly short sequence fragments [3] .
If the possibility of infectious etiology has not been considered initially, it is a frequent problem that only FFPE samples have been taken by the physician in charge. If additional acquisition of sample materials is technically demanding, painful or even risky for the patient, a reliable molecular diagnosis of the infectious agent from FFPE samples is desirable in spite of the abovementioned tech-nical limitations. Further, the option of long-term storage of patient tissue samples in paraffi n wax also provides an important source of material for forensic diagnostic analyses by polymerase chain reaction (PCR) months or even years after the sample has been taken [2, 3] .
For the extraction of DNA or RNA from FFPE tissues and other demanding sample materials, numerous protocols have been developed and specialized PCR approaches have been designed to amplify the extracted nucleic acids [2] .
This study assessed the effects of different modes of DNA extraction after dewaxing of bioptic FFPE tissue samples on the results of diagnostic real-time PCR. Five different extraction approaches were compared using tissue samples of mice, which had been experimentally infected with Burkholderia pseudomallei [4] .
B. pseudomallei is a saprophytic, Gram-negative bacterium, and the causative agent of melioidosis (also referred to as Whitmore's disease) [4] [5] [6] . Its natural reservoir is soil or surface waters in the tropics and subtropics, and it can bear extreme pH values as well as lack of nutrition, making it very adaptable to a broad range of habitats [5, 6] . Melioidosis mainly occurs in Southeast Asia and northern Australia, but there were also a few cases in the United States, in which patients did not have any travel history to endemic areas [6] . If undetected and, therefore, not treated properly or soon enough, melioidosis reaches mortality rates up to 55% [7] . This is why fast and reliable diagnosis is needed to effi ciently treat the patient. The use of FFPE tissue and real-time PCR for diagnostic purposes can allow the analysis from older patient samples as a safe alternative, if the diagnostic gold standard, i.e., cultivation of this biosafety level (BSL) 3 pathogen under suitable laboratory conditions, has been missed or is impossible due to infrastructural limitations like the unavailability of a BSL 3 laboratory.
Material and methods

Sample materials
Sixteen-year-old residual materials from a previously published study [4] were used. Shortly summarized, mice at 8-9 weeks of age were intraperitoneally infected with 200 colony-forming units (CFU) of a B. pseudomallei suspension. Starting 2 days after infection, the surviving mice 1, 2, 3, 5, 7, 10, and 15 were euthanized and their lungs, kidneys, livers, brains, and hearts were removed, fi xed with 4% buffered formalin and paraffi n-embedded. In parallel, bacterial load in the tissues had been culturally assessed. For all sample materials included in this study, the detected pathogen densities (in colony forming units (CFU) per gram of the respective organ) are depicted in Table 1 .
Sample preparation
The paraffi n-embedded organ samples were cut of the paraffi n blocks with a scalpel and then transferred into 2.0 ml tubes (Eppendorf, Hamburg, Germany). To dewax the samples, 2.0 ml xylene was added to every sample and the tissues were then incubated for 45 min at 37 °C under constant shaking at 400 rounds per minute (rpm) in a ThermoMixer (Eppendorf, Hamburg, Germany). The samples were then centrifuged for 10 min at 13,200 rpm and the supernatant was discarded. This procedure was repeated until the paraffi n was completely removed. Due to the varying paraffi n content in the samples, the number of xylene steps required to remove the paraffi n differed between organs and samples (Table 2) .
After treatment with xylene was completed, 1200 μl of ethanol (70%) was added to all of the samples. They were vortexed for 5 min and then centrifuged for 10 min at 13,200 rpm at room temperature. This step was repeated twice. Subsequently, the samples were stored in ethanol (70%) at 4 °C overnight.
For the next step, ethanol was removed by centrifugation of the samples for 10 min at 13,200 rpm. Afterwards, the supernatant was discarded. To remove the remaining ethanol residuals, the samples were air-dried in a heat block for 15 min at 37 °C.
After dewaxing, the bioptic samples from the organs were frozen using liquid nitrogen and then grinded using a TissueLyser LT device (QIAGEN, Venlo, Netherlands). Each sample was treated for 5 to 10 min depending on its tissue properties. The liver and kidney samples were treated for 10 min, and the brain, heart, lung, and spleen for 5 min.
After this treatment, volumes of 600 μl bi-distilled water were added to each dry sample for resuspension. Each sample was then split in six aliquots of 100 μl and transferred into new 1.5 ml cups (Eppendorf, Hamburg, Germany). The samples were then stored in the freezer at −20 °C until further processing.
Further sample preparation was performed using fi ve different kits from QIAGEN: FFPE DNA Tissue Kit (QIA-GEN), EZ1 DNA Tissue Kit (QIAGEN), DNA Mini Kit (QIAGEN), DNA Blood Mini Kit (QIAGEN), and FlexiGene DNA Kit (QIAGEN). With the exception of the FlexiGene DNA Kit, a spin column had to be used for nucleic acid purifi cation and proteinase K (QIAGEN) for the lysis of the tissue with all other kits. For the FlexiGene Kit, no columns were needed because the purifi cation is solely done by centrifugation and the "QIAGEN protease" was used for the lysis of the tissue. The DNA extraction was performed according to the manufacturers' instructions for all kits with only minor modifi cations.
These minor modifi cations comprised: FFPE DNA Tissue Kit:
-Starting the protocol with step 10 due to the already performed dewaxing of the samples EZ1 DNA Tissue Kit:
- The extracted DNA was diluted with a fi nal volume of 50 μl bi-distilled water and stored in the freezer at −20 °C for further experiments.
Nucleic acid amplification tests
PhHV Control
To verify that the extraction kits did not cause PCR inhibition or degradation of the DNA, 10 μl phocid Herpes virus (PhHV)-1-DNA had been added to each sample as an extraction and internal control.
The samples were screened for the PhHV-1 DNA using a previously described real-time PCR protocol [9] with minor modifi cations. The PCR mixture contained 10 μl HotStarTaq-Mix 2× (Qiagen, Hilden, Germany), 30 pmol of the primers, 5 pmol of the Cy5-labeled probe (Table 3) , 3 mM MgCl 2 , and 2 μl of each sample. The fi nal reaction volume was 20 μl. The PCR was performed using the following temperature profi le: an initial denaturation step for 15 min at 95 °C was followed by 40 cycles of denaturation for 15 s at 94 °C, annealing for 20 s at 56 °C, and elongation for 30 s at 72 °C.
B. pseudomallei-specifi c 16S rRNA gene PCR
The PCR targeting a 566-base pair fragment of the 16S rRNA gene of B. pseudomallei was performed as described [10] with minor modifi cations. The PCR mixture contained 12.5 μl HotStarTaq Mastermix 2× (Qiagen), 3.0 mM MgCl 2 , 0.4 pmol of each primer, and 0.4 pmol of the FAM-labeled probe (Table 3 ) as well as 2.5 μl of the extracted sample DNA. The fi nal reaction volume was 25 μl. The PCR was performed using the following temperature profi le: an initial denaturation step for 2 min at (Table 3) as well as 2.5 μl of the extracted sample DNA. The inner rpsU-L2-primer was used as the probe. The fi nal reaction volume was 25 μl. The following temperature profi le was used: an initial denaturation step for 10 min at 95 °C was followed by 35 cycles of denaturation for 60 s at 94 °C, annealing for 60 s at 59 °C, and elongation for 60 s at 72 °C.
BpTTS1 PCR The BpTTS1 PCR targeting a 65-base pair fragment of the gene of the type three secretion system (TTS) of B. pseudomallei was performed as described [14] with minor modifi cations. The PCR mixture contained 12.5 μl of HotStarTaq Mastermix 2×, 3.0 mM MgCl 2 , 0.4 pmol of each primer, and 0.4 pmol of the FAM-labeled probe (Table 3) as well as 2.5 μl of the extracted sample DNA. The fi nal reaction volume was 25 μl. The following temperature profi le was used: an initial denaturation step for 10 min at 95 °C was followed by 40 cycles of denaturation for 20 s at 94 °C, annealing for 20 s at 59 °C, and elongation for 20 s at 72 °C.
Statistics
Descriptive statistical approaches were applied. First of all, the used PCR schemes were compared to identify the PCR approach leading to the most reliable results by means of the number of failed reactions. Only PCR approaches leading to positive results were afterwards used for the comparison of the nucleic acid extraction schemes.
The assessment of the nucleic acid extraction schemes was based on a qualitative comparison of the numbers of positive results per scheme. Afterwards, a quantitative assessment based on the measured Ct values of real-time PCR was performed using Wilcoxon-matched pairs testing with the help of the Software GraphPad Instat (GraphPad Software Inc., La Jolla, CA, USA), version 3.10.
Ethics statement
The experiments with the mice had been approved by the C.R.S.S.A. Emile Pardë Animal Care Committee (No. 3/99) [4] .
Results
Comparison of applied PCR schemes
The samples were screened for the DNA of B. pseudomallei using three different real-time PCR approaches. Hereby, the most suitable real-time PCR approach for the testing of the effi ciency of the different extraction kits for FFPE tissues was identifi ed.
PhHV real-time PCR
None of the extraction kits relevantly inhibited or degraded the extracted PhHV-DNA. The averaged Ct value of the PhHV-PCR about all samples and extraction schemes was 20.37 (±3.14). In detail, the Ct values of the PhHV-PCR were 20.86 (±1.60) from the samples treated with the DNA 
16S rRNA gene real-time PCR
No sample tested positive for B. pseudomallei-specifi c DNA.
rpsU gene real-time PCR With few exceptions (Table 4) , the most of the samples were tested negative. Burkholderia-specifi c DNA was only found in the spleen samples of the mice M2, M5, M7, and M10, in one kidney sample of mouse M2 and in one brain sample of mouse M10.
BpTTS1 real-time PCR
The results of the PCR revealed a higher number of samples positive for B. pseudomallei DNA than in the abovementioned approaches (Table 4 ). The majority of the positive samples were spleen samples; except for mouse M3, every mouse spleen was detected positive for B. pseudomallei. The organ samples of mouse M7, the DNA of which had been extracted with the QIAamp DNA Mini Kit and the QIAamp EZ1 DNA Kit, were all positive for B. pseudomallei. Also, the mice M2, M10, and M5 showed positive results in liver (M2), kidney (M2, M5), brain (M5, M15), and lung (M10). Positive PCRs were further observed in brain and heart samples of mouse M15.
Comparison of applied nucleic extraction schemes
To identify the best method for the purifi cation of nucleic acids from FFPE tissue, the FFPE DNA Tissue Kit, the EZ1 DNA Tissue Kit, the DNA Mini Kit, the DNA Blood Mini Kit, and the FlexiGene DNA Kit were compared.
Qualitative assessment
In Table 4 , the results of the three PCR approaches in combination with the fi ve extraction kits are shown. While the 16S PCR did not show positive results for any of the used kits and for any of the mouse tissues, the rpsU PCR allowed for the detection of B. pseudomallei DNA in the spleen samples of the mice M5 and M10 after nucleic acid extraction with all kits with the exception of the FlexiGene DNA Kit, which did not allow for the detection of positive rpsU results in any samples. Using the FFPE Kit, the fully automated EZ1 Kit, and the Mini Kit DNA, Burkholderia DNA was isolated from the spleen of mouse M2 as well. The highest number of positive samples in combination with the rpsU PCR approach, i.e., four out of seven spleen samples, was found in the lot where the DNA had been extracted using the QIAamp DNA Mini Kit, followed by the FFPE DNA Tissue Kit, the EZ1 DNA Tissue Kit, and the DNA Blood Mini Kit, with three out of seven samples each.
Best results for all analyzed nucleic acid extraction kits 
Ki Li Lu Br He Sp Ki Li Lu Br He Sp Ki Li Lu Br He Sp
QIAamp DNA Mini Kit Table 5 . Wilcoxon-matched pairs testing for the comparison of the extraction schemes led to the results as depicted in Table 6 for the rpsU PCR and in Table 7 for the BpTTS1 PCR.
As shown in Tables 6 and 7 , PCR results after the fi ve extraction methods did not show relevant differences between most of the kits. In combination with the rpsU real-time PCR, there were no signifi cant differences at all, the P values ranged from 0.25 to 0.99. For the BpTTS1 real-time PCR, there was a signifi cant difference between the EZ1 DNA Tissue Kit and the DNA Blood Mini Kit, the DNA Mini Kit and the DNA Blood Mini Kit, and the FlexiGene DNA Kit and the DNA Blood Mini Kit (P value = 0.0313 each), but for none of the other kits. When Bonferroni correction for multiple testing [15] was applied, signifi cance got lost.
Discussion
As confi rmed by this study, extraction of nucleic acids from FFPE tissue and subsequent downstream detection and identifi cation procedures like PCR are still troublesome, since the fi xation with formalin causes cross-linking and single-strand breaks in DNA and RNA [2, 3] . The degradation of the nucleic acids increases over the period of time during which the tissues are embedded in paraffi n [16] . Further, the way how the samples were treated before and during the embedding procedure also affects the results of molecular diagnostic approaches [17] . Of note, the assessed samples used for this study were formalin-fi xed and paraffi n-embedded in 1999 under biosafety level 3 (BSL-3) laboratory conditions which made the laboratory work more challenging and processing errors, therefore, more likely. However, there are up-to-date reports about successful nucleic acid purifi cation from FFPE material even from the 1970s [1] . Although high titers of B. pseudomallei had been detected in the assessed Swiss mice by culture before [4] , only a minor proportion of samples was detected positive for Burkholderia DNA by three different PCR assays.
In total, Burkholderia-specifi c DNA was only detected in maximum eight and 13 out of 42 samples by the rpsU PCR and the BpTTS1 PCR, respectively. The age of the samples was presumably an important factor. Formalin-associated effects may explain the big difference between the three PCR approaches. In contrast to the 16S PCR which amplifi es a very long fragment of 566 bp (base pairs), the rpsU PCR and the BpTTS1 PCR result in rather short amplicons with 179 bp and 65 bp, respectively. PCRs with shorter amplicons are known to be more suitable for the amplifi cation of DNA from FFPE tissue [2, 16, 17] . Thus, the phenomenon of progressed DNA degradation is confi rmed by this combined application of long-range and short-range PCR approaches, as the degenerated DNA is not only mutated but also fragmented by single-strand breaks [2, 3] as well, jointly resulting in the high number of observed failed PCR approaches. The 16S PCR was not even able to detect any positive sample, whereas the adapted rpsU PCR did at least show positive results for most of the spleen samples of the mice. The BpTTS1 PCR detected Burkholderia DNA in eight to 13 samples, depending on the kit that was used to purify the DNA. Again, most positive samples were spleen tissues. This might be explained by the fact that B. pseudomallei is known to infect the spleen with particular high titers. A comparison with the cultural results supported this hypothesis. During the initial cultural analysis, the spleen appeared to be the organ being affected by the highest bacterial loads [4] . Besides the spleen, B. pseudomallei DNA was found in brain, lungs, and kidney samples as well. These organs are known as typical sites of infection as well in melioidosis patients [4] . Apart from the tissue-specifi c tropism of B. pseudomallei, tissue-specifi c PCR inhibitors might also explain the differentiated reaction pattern. This is, however, unlikely, because the inhibition control PCR did not indicate relevant differences between tissues from different organs as indicated by low standard deviations for the PhHV-PCR.
Addressing the primary focus of the study, the comparison of the nucleic acid extraction kits suggested best results of the fully automated EZ1 DNA Tissue Kit and the DNA Mini Kit in the qualitative assessment and poorer results of the DNA Blood Mini Kit. Regarding the quantitative assessments, Wilcoxon-matched pairs testing of the measured Ct values of the BpTTS1 real-time PCR indicated signifi cant differences between the DNA Blood Mini Kit and the other kits with the exception of the FFPE DNA Tissue Kit. In fact, the Ct values after the extraction with the DNA Blood Mini Kit were slightly higher than after extractions with the FlexiGene DNA Kit, the EZ1 DNA Tissue Kit, and the DNA Mini Kit. However, the effects get lost when Bonferroni adjustment for multiple testing is applied [15] .
Considering the modes of DNA extraction by the different kits, this result might in part be explained by the fact that all of them except for the FlexiGene Kit use spin columns and the same buffers for nucleic acid purifi cation. Only the FlexiGene Kit uses solely centrifugation for the purifi cation. Nevertheless, the DNA blood Mini Kit scored worst in both the qualitative and the quantitative assessments.
In spite of all mentioned limiting factors of PCR from FFPE tissue, the low number of positive results remains surprising considering the high number of cultured bacteria from the samples [4] . One possible reason and an undeniable limitation of the study is the fact that only one mode of dewaxing and tissue disruption could be applied due to the low quantities of available sample material. Dewaxing included whole bioptic tissue samples instead of tissue slices from the microtome. Especially small organs like the brain and the spleen as well as segmented organs like the liver are diffi cult to remove from paraffi n blocks with a scalpel. High quantities of remaining paraffi n required the repetition of the xylene incubation steps for up to four times to suffi ciently accomplish the dewaxing procedure. Remaining paraffi n traces might, nevertheless, have partly inhibited the nucleic acid extraction process; however, the results of the extraction control PCR showed nonsuspicious results. A comparison with an alternative dewaxing method would have been desirable but could not be performed due to the limited amounts of sample material available.
Further, the success of tissue disruption after the dewaxing step depended on the kind of tissue. Although the liver and the kidney samples were treated with liquid nitrogen and later disrupted with beads in a cell disruptor for 10 min, the effect of the procedure was in part dissatisfying. A possible reason for the incomplete homogenization could be the fact that storage in ethanol overnight dehydrated the tissue samples and made them more solid. The sample-depending changes of the standard extraction protocols that became necessary during the sample preparation make the interpretation of the comparison diffi cult. This phenomenon also confi rms the fact that standardization of molecular diagnostic approaches for FFPE tissues is challenging and that negative PCR results from FFPE samples have to be interpreted with care.
Conclusion
The extraction of nucleic acids from FFPE tissue and the processing of DNA with subsequent downstream analysis approaches like real-time PCR remain diffi cult due to formalin-associated degradation of DNA. If possible, approaches targeting short amplicons should be used since the DNA becomes fragmented when getting in contact with formalin during the fi xation process [2, 3] . Analyzing the qualitative PCR outcomes, best extraction results were achieved using the EZ1 DNA Tissue Kit and the DNA Mini Kit together with the BpTTS1 real-time PCR. Regarding the quantitative assessment of the Ct values, best results were achieved with the EZ1 DNA Tissue Kit, the DNA Mini Kit, and the FlexiGene DNA Kit. The good results of the FlexiGene DNA Kit indicate that using spin columns to extract the nucleic acids from FFPE tissue is not indispensable. Interestingly, the FFPE DNA Tissue Kit did not show outstandingly good results, although this kit was specifi cally developed for the extraction of nucleic acids from FFPE tissue. The quantitative difference in comparison of Ct values with the other approaches was marginal. This fi nding challenges the concept that special kits for FFPE tissue are indispensable to extract DNA from such tissues. In contrast, different extraction methods enabled the purifi cation of DNA from FFPE tissues in a similar way.
